Tropical forests harbor diverse ecological communities of plants and animals that are organized in complex interaction networks. The diversity and structure of plant-animal interaction networks may change along elevational gradients and in response to human-induced habitat fragmentation. While previous studies have analyzed the effects of elevation and forest fragmentation on species interaction networks in isolation, to our knowledge no study has investigated whether the effects of forest fragmentation on species interactions may differ along elevational gradients. In this study, we analyzed main and interaction effects of elevation and forest fragmentation on plant-frugivore interaction networks at plant and bird species level. Over a period spanning two years, we recorded plant-frugivore interactions at three elevations (1000, 2000 and 3000 m a.s.l.) and in two habitat types (continuous and fragmented forest) in tropical montane forests in southern Ecuador. We found a consistent effect of elevation on the structure of plant-frugivore networks. We observed a decrease in the number of effective bird partners of plants and, thus, a decline in the redundancy of bird species with increasing elevation. Furthermore, bird specialization on specific plant partners increased towards high elevations. Fragmentation had a relatively weak effect on the interaction networks for both plant and bird species, but resulted in a significant increase in bird specialization in fragmented forests at high elevations. Our results indicate that forest fragmentation may have stronger effects on plant-frugivore interaction networks at high compared to low elevations because bird species richness declined more steeply towards high elevations than plant species richness. We conclude that conservation efforts should prioritize the maintenance of consumer diversity, for instance by maintaining stretches of continuous forest. This applies in particular to species-poor communities, such as those at high elevations, as the ecological processes in these communities seem most sensitive towards forest fragmentation.
Introduction
Tropical forests harbor diverse ecological communities of plants and animals (Groombridge and Jenkins 2002, Brummitt and Lughadha 2003) . A large proportion of tropical plants depend on interactions with animals, and vice versa; these plant-animal interactions provide major contributions to the functionality of tropical ecosystems (Jordano 2000) . The diversity and structure of these complex plant-animal interaction networks may vary strongly across environmental gradients (McGill et al. 2006) . Understanding the spatial patterns of species interaction networks, for instance along latitudinal gradients, has recently been a major aim of community ecology (McGill et al. 2006 , Dalsgaard et al. 2011 , Schleuning et al. 2012 . Elevational gradients are particularly suitable for understanding the mechanisms causing spatial variation in species diversity and community composition (Sanders and Rahbek 2012) because they cover a wide range of environmental conditions, such as different climates or vegetation structures, over relatively small spatial extent (Bruijnzeel and Veneklaas 1998, Sanders and Rahbek 2012) . Previous studies have investigated the patterns of biodiversity along elevational gradients and have shown that the diversity of certain taxa, such as birds and trees, decreases along elevational gradients, while others, such as epiphytic plants and terrestrial ferns, show highest richness at mid elevations (McCain 2009 , McCain and Grytnes 2010 , Salazar et al. 2013 . The variation in species richness across environmental gradients is also associated with changes in the functional trait diversity of ecological communities (Dehling et al. 2014 , Pigot et al. 2016 . It remains controversial to what extent a denser occupation of functional trait space in species-rich communities, e.g. at low elevations, results in an increased specialization or overlap of ecological niches (Pigot et al. 2016 ). This open question can be addressed with studies on how the structure of interaction networks changes along elevational gradients. Maglianesi et al. (2015) could, for instance, show that bird pollinators in a tropical montane forest are more specialized at low elevations. The high specialization resulted from high competition and a high resource partitioning among pollinators within diverse pollinator communities at low elevations. Yet, for other plant-animal interactions, such as seed-dispersal networks, we know very little about their spatial pattern along elevational gradients.
Human land-use change, such as agricultural intensification, has facilitated the rapid destruction and degradation of tropical forest ecosystems (Wright 2010) , resulting in large areas of fragmented and disturbed tropical forest (Laurance 1999 , Tapia-Armijos et al. 2015 . A variety of ecological responses are caused by forest fragmentation. For instance, forest fragmentation has been shown to reduce the diversity of plants and birds, leading to a decline in species richness (Honnay and Jacquemyn 2007 , Kirika et al. 2008 , Ibañez et al. 2014 ) and functional trait diversity (Bregman et al. 2016 , Vollstädt et al. 2017 ) and can, in extreme cases, lead to a local extinction of particular groups of species, such as forest specialists (Devictor et al. 2008 , Neuschulz et al. 2011 . In contrast, forest fragmentation can increase the number of generalist species and the diversity of interactions at forest edges compared to the forest interior (Menke et al. 2012 , Saavedra et al. 2014 . Hence, impacts of forest fragmentation vary among groups of species and their consequences for ecosystem functioning may depend on the composition of the local community. To date, effects of elevation and forest fragmentation on species interaction networks have only been studied in isolation. However, it is plausible that these two factors interact in their effects on species interactions and related ecosystem functions (Tylianakis et al. 2008) .
Here we present what is to our knowledge the first study that investigates how forest fragmentation affects the mutualistic interactions between fruiting plants and frugivorous birds along an elevational gradient. Seed dispersal is an important ecosystem function (Sekercioglu 2006) that is essential for forest regeneration (Wang and Smith 2002, Neuschulz et al. 2016) . In tropical forests, the regeneration of about 70% of plant species is supported by the consumption of fruits and seeds by frugivores (Correa et al. 2014) , mostly frugivorous birds (Fleming and Kress 2011, Mello et al. 2011 ). We examined plant-frugivore interaction networks in two different habitat types, continuous and fragmented forest, at three elevations in the tropical Andes of southern Ecuador. We were specifically interested in exploring the effects of forest fragmentation on the interaction networks at each elevation from both plant and bird perspective. Based on the results of previous studies, we expected elevation to shape interaction networks in two ways; 1) the number of effective interaction partners of both plants and animals might decrease because of the general decrease of species diversity at high elevations (McCain and Grytnes 2010, Ferger et al. 2014) and 2) the number of specialist species in the network might decrease at high elevations because resource partitioning is less pronounced in species-poor communities with low competition (Maglianesi et al. 2015) , but how specialization varies across elevational gradients remains controversial (Pigot et al. 2016) . We also expected forest fragmentation to affect interaction networks in two ways; 1) the number of effective interaction partners might increase in forest fragments because these often host a high diversity of generalist frugivores, especially forest visitors from surrounding habitats (Menke et al. 2012 , Saavedra et al. 2014 and 2) the number of plant and bird specialists in each network might decrease in forest fragments because of the high sensitivity of these species towards disturbance (Menke et al. 2012 ). Finally, we expected an interaction between the effects of elevation and forest fragmentation. Specifically, we predicted that forest fragmentation might have stronger effects on species-poor communities at high elevations than on species-rich communities at low elevations because redundancy in interaction networks is reduced at low species diversity (Albrecht et al. 2013 , Schleuning et al. 2015 .
Methods

Study area and design
The study area was located in and around Podocarpus National Park and the San Francisco reserve at the Eastern Cordillera of the Andes in southern Ecuador. The study sites were located in three different tropical montane forest types at three elevational bands (Fig. 1 Homeier et al. 2008) . The most abundant fleshy-fruited plants at the study sites across all forest types belonged to the family Melastomataceae and in particular to the genus Miconia (Supplementary material Appendix 1 Table A3 ). Other common taxa varied between forest types. In the evergreen premontane forest, common genera with fleshy-fruited plants were Cecropia (Urticaceae), Schefflera (Araliaceae) and Piper (Piperaceae). In the lower montane forest, common genera were Cecropia (Urticaceae), Isertia (Rubiaceae), Viburnum (Adoxaceae) and Palicourea (Rubiaceae). In the upper montane forest, common genera were Clusia (Clusiaceae), Solanum (Solanaceae) and Schefflera (Araliaceae); Supplementary material Appendix 1 Table A3 ). The study area is characterized by a humid tropical climate (Kottek et al. 2006) . Mean annual temperature ranges from 19.4°C in the lowlands to 9.4°C in the highlands and mean annual precipitation ranges from 2000 mm in the lowlands to 4500 mm in the highlands (Emck 2007 , Moser et al. 2007 ).
We sampled plant-frugivore networks at six study sites covering all three elevations and two habitat types, i.e. continuous forest within the national park and reserve versus fragmented forest in the surroundings (Fig. 1 , Supplementary material Appendix 1 Table A1 ). Every study site (in a given habitat type and elevational band) comprised three plots. The forest within Podocarpus National Park and San Francisco reserve remains mostly undisturbed (Homeier et al. 2008) . The area around the park is highly disturbed and forest fragments are embedded in an agricultural matrix consisting mainly of cattle pastures (Tapia-Armijos et al. 2015) . To test for the similarity of vegetation structure and fruit availability between the study sites, we quantified the vertical vegetation heterogeneity according to Bibby et al. (2000) and recorded the abundance of ripe fruits. We estimated vegetation cover at eight layers (0, 1, 2, 4, 8, 16, 32 and 64 m above the ground) at nine locations (20 m radius) at each plot twice per sampling period and calculated the average vegetation cover for each of the eight strata. We then calculated the Shannon-Wiener diversity index across these eight strata for each plot (Bibby et al. 2000) . To estimate overall fruit availability, we recorded all plants with ripe fruits at the nine locations per plot. For each plant, we choose several randomly-picked branches, counted the number of fruits per branch, and estimated the overall abundance of fruits per plant. Fruit abundances of each of the nine locations were summed to obtain the overall fruit availability per plot. We found that the vegetation heterogeneity differed significantly among the three elevations (F 2,15 = 31.86, p  0.001; low Table A1 . elevation: mean = 1.78, SD = 0.07, n = 6; mid elevation: mean = 1.66, SD = 0.07, n = 6; high elevation: mean = 1.49, SD = 0.05, n = 6). However, there was no significant difference in vegetation structure between continuous and fragmented forest across all elevations (F 1,16 = 1.63, p = 0.219; continuous forests: mean = 1.69, SD = 0.15, n = 9; fragmented forest = 1.61, SD = 0.11, n = 9). Fruit availability (log-transformed) differed significantly among the three elevations (F 2,15 = 10.95, p  0.001; low elevation: mean = 5.91, SD = 0.46, n = 6; mid elevation: mean = 5.72, SD = 0.31, n = 6; high elevation: mean = 4.76, SD = 0.57, n = 6), however, there was no significant difference in fruit availability between continuous and fragmented forest across all elevations (F 1,16 = 2.75, p = 0.117; continuous forest: mean = 5.22, SD = 0.74, n = 9; fragmented forest: mean = 5.72, SD = 0.52, n = 9).
Observations of plant-bird interactions
We recorded seed removal by frugivorous birds on all fleshyfruited plant species located in 30  100 m plots. All three plots of each study site (in a given habitat type and elevational band) were simultaneously observed by three expert ornithologists. We started the observations at low elevations and then continued at mid and high elevations. We sampled plant-frugivore interactions on each site four times in 2014 and 2015, twice during the most humid months (May-July) and twice during the least humid months (October-December), resulting in four temporal replicates. During each observation period, we observed each plot on four consecutive days between dawn and noon for a total of 25 h per plot. Overall, each study site was observed for 75 h resulting in 300 h of observations per site and 1800 h for all six sites. Observations for each of the three plots were pooled for the analysis to build one comprehensive network per study site, which yields networks with a high degree of sampling completeness (Supplementary material Appendix 1 Fig. A1 ).
The day before the observations started in a plot, we marked all fruiting plants to allow the observer to specifically focus on these plants while walking freely through the plot during the observations. These plant species were identified to species or morphospecies level by an expert botanist (JH). Each fruiting plant species in the plot was observed for a similar amount of time during the observation period. As the study area is characterized by steep slopes (Supplementary material Appendix 1 Table A1), we were also able to observe birds foraging in the canopy. Interactions among fruiting plants and frugivorous birds were recorded by direct observations with binoculars. A visit to a fruiting plant was recorded whenever a bird was observed to consume at least one fruit of a plant. We considered three different ways of fruit consumption by birds: swallowing (94% of the considered interaction events), pecking (5%) and transporting the fruit (1%). We excluded observations of seed predation by birds ( 1% of all observations). Thus, the visits included in the analyses represent legitimate seed dispersal events. In the exceptional case that the bird species could not be determined (1.5% of the total number of interactions), we excluded the interaction event. We used the number of visits of each frugivore species to each plant species to construct quantitative interaction networks between plants and animals. We compiled the information for each study site and pooled sampling periods, yielding six interaction networks that were analyzed at the network and species level. To evaluate the completeness of each network, we calculated the expected number of frugivore species and interacting species pairs with Chao's richness estimators (Oksanen et al. 2016 ) and generated accumulation curves of these two metrics in relation to the number of observed interactions for each network (Chacoff et al. 2012 ).
Interaction metrics
We compared the structure of the six interaction networks among the three elevations and between continuous and fragmented forests. For each network, we calculated three indices at the network level, Shannon diversity of interactions (H 2 , reflecting the overall diversity of species interactions), network specialization (H 2 ', reflecting the partitioning of partners) and web asymmetry (reflecting the balance between bird and plant partners) to compare the diversity, specialization and consumer-resource ratio of the networks among sites (Blüthgen et al. 2006 , Dormann et al. 2009 . At the species level, we calculated two corresponding network metrics, the number of effective partners and the degree of specialization (d'), for both bird and plant species, using the bipartite package (Dormann et al. 2009 ). The number of effective partners (e H ) equals the number of partners of a species assuming that all links are equally common (Dormann 2011) and reflects the niche breadth of a species (Blüthgen et al. 2006) , i.e. the variety of partners a species interacts with in a given community. It is, thus, also a measure of the functional redundancy of the species in a network (Albrecht et al. 2013 ). The degree of complementary specialization (d') measures how strongly a species deviates from a random sample of interaction partners assuming that all species interact according to their total frequencies (Blüthgen et al. 2006 ). This metric reflects niche partitioning, i.e. the differentiation of resources or partners among coexisting species (Blüthgen et al. 2006) . Specialization (d') ranges between 0 and 1, where 0 represents an opportunistic species overlapping in its resource use with many other species and 1 represents a completely specialized species with an exclusive set of partners (Dormann et al. 2009 ). Since this metric controls for the observed frequencies of interactions per species, it is particularly suitable for crossnetwork comparisons (Blüthgen et al. 2006 ).
Statistical analysis
We used the species-level metrics of plant and bird species for testing the effects of elevation and forest fragmentation on the specialization of mutualistic interaction networks, consistent with earlier studies (Albrecht et al. 2013 , Maglianesi et al. 2015 . We analyzed the effects of elevation, forest fragmentation and their interaction term on the number of effective partners and specialization (d') of plants and birds, respectively, using generalized linear mixed effect models (GLMMs). Elevation was included in the model as a factor with three levels, i.e. low, mid and high elevation. To control for phylogenetic non-independence of species across habitat types and elevations, we included family, genus and species as nested random effects. We tested all possible combinations of the fixed predictor variables using the dredge function from the MuMIn package (Barton 2014) . We compared all models with an Akaike information criterion corrected for small sample size (AICc) and selected the most parsimonious models with delta AICc values (the difference in AICc from the best model) smaller than two (Burnham and Anderson 2001) . In most models, only one final model met this criterion. In the model of plant specialization, we retained three models with a delta AICc  2 and calculated model estimates based on model averaging of these best models (Barton 2014) . Additionally, we calculated the marginal and conditional R 2 as a measure of goodness of fit of the model to our data. Marginal R 2 is a measure of the amount of variance explained by fixed factors, whilst conditional R 2 accounts for both fixed and random factors (Nakagawa and Schielzeth 2013) . All analyses were carried out in R 3.2.3 (R Development Core Team).
Results
We recorded 5467 plant-frugivore interaction events between 131 bird and 114 plant species across all study sites. Out of these, 4010 interactions were recorded at 1000 m a.s.l., 1297 interactions at 2000 m a.s.l., and 160 interactions at 3000 m a.s.l. (Supplementary material Appendix 1 Table A2 ). Species accumulation curves showed that all networks were well sampled and that the number of frugivore species and the number of interacting species pairs followed a saturating trend at all study sites (Supplementary material Appendix 1 Fig. A1 ). As expected for the wide elevational gradient, there was little overlap in the plant and bird species in the networks among elevations (plants: 3% from 1000-2000 m and 0% from 2000-3000 m; birds: 15% from 1000-2000 m a.s.l. and 15% from 2000-3000 m a.s.l.). No plant or bird species occurred across all three elevations. Overall, the overlap of plant species between continuous and fragmented forests at the same elevation was lower than that of bird species (plants: 20% at 1000, 19% at 2000 and 5% at 3000 m a.s.l.; birds: 49% at 1000, 45% at 2000 and 21% at 3000 m a.s.l.). Plant-frugivore interaction networks showed a higher diversity of interactions (H 2 ) and a lower specialization (H 2 ') at low elevations compared to high elevations, and were similarly structured between continuous and fragmented forest at each elevation (Fig. 2) . The number of plant species in the network remained almost constant across all elevations and forest types (between 20-26 plant species; Fig. 2) . In contrast, the number of bird species continuously decreased across elevations (from 76 to 13 bird species) and was slightly higher in fragmented (16-76 bird species) than in continuous forests (13-51 bird species across elevations; Fig. 2 ). This caused differences in the degree of network asymmetry among elevations. Low and mid elevations were characterized by a positive network asymmetry indicating a larger number of bird species compared to plant species (Fig. 2) . At high elevations, we found a negative asymmetry with more plant than bird species in the networks (Fig. 2) .
Overall, we found consistent effects of elevation on specieslevel network metrics, whereas effects of forest fragmentation depended on the elevational band. At plant species level, the number of effective bird partners significantly decreased with elevation while the degree of specialization of plants on specific bird partners was not affected by elevation (Fig. 3a, b , Table 1 and 2). For the bird species, the number of effective plant partners was relatively constant across elevations and only slightly decreased at mid elevations (Fig. 3c , Table 1 and 2). In contrast, the degree of specialization of bird species on specific plant partners significantly increased across the elevational gradient (Fig. 3d , Table 1 and 2). In general, fragmentation had little effects on the structure of plant-frugivore networks at low and mid elevations. However, we found that the degree of specialization of bird species on specific plants was significantly higher in fragmented compared to continuous forests at high elevations (Fig. 3d , Table 1 and 2).
Discussion
Here we present the first study that investigates the interacting effects of forest fragmentation and elevation on network structure at both plant and bird species level. We found that the number of effective bird partners of plants decreased, and the degree of specialization (d') of birds on plant partners increased with increasing elevation. Forest fragmentation had little effects on species-level interaction metrics, but resulted in a significant increase in the degree of specialization of bird species on plant partners at high elevations. Our result demonstrates that the consequences of forest fragmentation for species interactions and associated ecosystem functions are context-dependent.
According to our expectations, we found that plant species were connected with fewer bird partners at high than at low elevations. Previous studies have shown that frugivore diversity (McCain and Grytnes 2010, Ferger et al. 2014 ) and functional trait diversity of frugivore communities (Dehling et al. 2014 , Pigot et al. 2016 ) decrease towards high elevations. Consequently, the niche breadth of plants, and the redundancy of birds that feed on their fruits, decreased in our study along the elevational gradient. This is consistent with a study of Albrecht et al. (2013) who reported that a loss of frugivores causes a reduction in frugivore redundancy for plants. In contrast to our expectations, the degree of specialization of plants on specific bird partners and, thus, niche partitioning, did not change across the elevational gradient. In line with this pattern, bird species interacted with a similar number of effective plant partners across elevations. In fact, birds are known to cover their energy needs by using a certain number of plant resource partners, given the variability in nutritional quality of fruit resources (Herrera 1984 , Martin 1985 , Mello et al. 2011 . Nevertheless, the degree of resource partitioning of the bird community varied with elevation and was lower at low compared to high elevations. Contrary to our findings, a previous study on plant-hummingbird networks has shown that pollinator specialization on specific plant partners decreases with elevation (Maglianesi et al. 2015) . This is an interesting difference to our findings and suggests that different mechanisms structure plant-pollinator and plant-frugivore networks (Dalsgaard et al. 2011 , Schleuning et al. 2012 . A likely explanation for this difference is that hummingbirds compete intensely for resources which results in a rather high specialization of planthummingbird networks, especially in species-rich communities (Martin Gonzalez et al. 2015) . In contrast, the foraging niches of frugivorous birds often broadly overlap (Cruz 1980 , Figure 2 . Quantitative plant-frugivore interaction networks across three elevations (1000, 2000 and 3000 m a.s.l.) and two habitat types (continuous forest: dark green; fragmented forest: light green) in southern Ecuador. Plant species are indicated by boxes in the left column, frugivorous bird species by those in the right column. Box height corresponds to the proportion of interactions each species contributes to the network. The width of interaction lines is proportional to the number of observed interactions. The number of plant and bird species is shown above each network. Shannon diversity of interactions (H 2 ), network specialization (H 2 ') and web asymmetry (AS) are reported below each network. Dalsgaard et al. 2017 , but see Loiselle and Blake 2002) . Interspecific facilitation among frugivores may even cause that frugivores actively share resources and foraging areas. For instance, frugivorous bird species have been shown to track the calls of other frugivorous birds to locate fruit resources (Saracco et al. 2004 ). While it is still controversial whether an increase in functional trait diversity leads to a higher or lower degree of resource overlap among consumer species (Pigot et al. 2016) , our findings suggest that frugivorous birds tend to increase resource overlap in species-rich communities, whereas the opposite seems to be true for nectarivorous birds (Maglianesi et al. 2015) .
Changes in bird specialization on plant partners across elevations were associated with the shifts in the consumerresource ratio that we found along the elevational gradient. While bird communities were impoverished at high elevations, fruiting plant communities were similarly diverse across all elevations. Consequently, the same number of plant species was used by a smaller number of bird species at high compared to low elevations. This pattern corresponded to the increase in specialization of birds on specific plant partners with increasing elevation. Our findings are in line with previous studies that have shown that low consumerresource ratios increase dietary specialization and reduce the Figure 3 . Number of effective partners (log-transformed) and degree of specialization (d') across three elevations (1000, 2000 and 3000 m a.s.l.) and two habitat types (continuous forest: squares in dark green; fragmented forest: diamonds in light green) for plants (a, b) and birds (c, d) . Shown are means and standard errors of species-level metrics in each network, i.e., standard errors correspond to variation among species within networks. The number of effective interaction partners was log-transformed. Table 1 . Generalized linear mixed effect models testing main and interaction effects of elevation and forest fragmentation on species-level number of effective partners and network specialization (d') for both a) plants and b) birds. Family, genus and species were included in the models as nested random effects. The respective subset of best models with Δ AICc  2 are shown in bold. Marginal and conditional R 2 are shown as goodness of fit statistic for each of the models, indicating the amount of variance explained by fixed factors and fixed and random factors, respectively. redundancy of interactions at both local (MacArthur and Pianka 1966 , Fontaine et al. 2008 , Albrecht et al. 2013 ) and large spatial scales (Schleuning et al. 2012) . Our results underline that bird specialization on plant partners varies, despite a constant avian feeding behavior, due to changes in the consumer-resource ratios. Hence, our results highlight the importance of consumer-resource ratios for understanding spatial patterns in specialization of plant and animal species in interaction networks. In our study, forest fragmentation had little effects on network structure for both plant and bird species at low and mid elevations (Table 2 ). This result is consistent with previous studies that investigated the impact of human disturbance on interaction networks and showed generally weak effects of fragmentation on seed dispersal interactions (Markl et al. 2012) . The generally weak effect of fragmentation on seed removal by animals could be explained by the ability of frugivores to switch and track fruit resources. For instance, frugivorous birds have been observed to switch between different fleshy fruits and flowers (Sun and Moermond 1997) or between fruits and invertebrates (Dinesen 1995 , Carnicer et al. 2009 ) during periods of fruit scarcity. Additionally, avian frugivores can track fruit sources over long distances (Saracco et al. 2004 , Tellería et al. 2008 ) and fly across habitat boundaries to feed on fruits (Eshiamwata et al. 2006 , Schleuning et al. 2011 , Neuschulz et al. 2013 ). In our study system, the distances between forest fragments and the closest continuous forest were relatively small (between 1-5 km, Supplementary material Appendix 1 Table A1 ). Hence, frugivores might have tracked fruit resources and moved between habitats at the same elevation. This would also explain why we found a rather high overlap in the bird communities between continuous and fragmented forest at each elevation. Moreover, vegetation structure and fruit availability were similar between continuous and fragmented forest, indicating that similar feeding conditions existed in both habitat types. Our findings add to previous evidence that frugivores are capable to respond flexibly to habitat fragmentation, whereas direct human impacts and an intensification of human land use lead to a reduction of frugivore diversity and seed-dispersal functions (Markl et al. 2012 , Bregman et al. 2016 .
We found that bird species at high elevations were more specialized on specific plant partners in fragmented compared to continuous forests. This finding contrasts our initial expectation of a decrease in specialization in fragmented forest and is the first evidence that interaction networks may respond differently to fragmentation depending on the elevational context. The increase of bird specialization on plant partners in forest fragments at high elevations might have been caused by a loss of generalist frugivore species at high elevations. Generalist species can stabilize interaction networks and their robustness towards habitat disturbance (Restrepo et al. 1997 , Palacio et al. 2016 . Tanagers (genus Tangara), for instance, are important generalist frugivores in tropical forests (Schleuning et al. 2014) . At low elevations, we recorded 11 Tangara species in continuous and 14 in fragmented forest that provided 52 and 59% of the interactions, respectively; at mid elevations, we recorded seven species in continuous and six in fragmented forest that represented 63 and 46% of the interactions, respectively. At high elevations, however, a single Tangara species (Tangara vassorii) was recorded that only contributed 13 and 7% of the interactions in continuous and fragmented forest, respectively. Our findings suggest that the vulnerability of interaction networks towards human disturbance strongly depends on the species present in the Table 2 . Estimates of the most parsimonious generalized linear mixed effect model testing main and interaction effects of elevation and forest fragmentation on the number of effective partners and network specialization (d') for a) plants and b) birds (Table 1) . Family, genus and species were included in the models as nested random effects. For the specialization analysis of plants, we employed a full model averaging on the subset of best models (three models with delta AICc  2). Significant effects are shown in bold. respective species pool (Renjifo 1999) . While species-rich communities with a dominance of generalist species might become more generalized in response to human disturbance (Menke et al. 2012 , Albrecht et al. 2013 , species-poor consumer systems with a small number of generalist species might become more specialized. This is especially the case if species' response and effect traits are positively related, i.e. if generalist species in the networks are especially sensitive towards human disturbance (Schleuning et al. 2015) . The increase in specialization of consumers on specific plants suggests that plant species in these networks would be particularly prone to a loss of consumer species, due to the reduced redundancy of ecological functions provided by the frugivore community.
Conclusion
We show that the vulnerability of seed dispersal networks to human disturbance was highly context dependent and contingent on properties of the ecological communities, such as frugivore richness, consumer-resource ratios and the local species pool. This implies that predictions of the structure of ecological networks depend on the specific ecological context. Our findings also indicate that consumer-poor forest ecosystems, such as upper montane forests, might be more prone to human disturbance than others. In these systems, a loss of frugivores may disrupt seed dispersal functions and can have severe consequences for plant recruitment and forest regeneration. Hence, our findings imply that forest conservation efforts should prioritize the maintenance of consumer diversity, for instance by protecting stretches of continuous, high-elevation forests.
